Self-assembly of nanocrystals (NCs) into superlattices is an intriguing multiscale phenomenon that may lead to materials with novel collective properties, in addition to the unique properties of individual NCs compared with their bulk counterparts. By using different dispersion solvents, we synthesized three types of PbSe NC superlattices-body-centered cubic (bcc), body-centered tetragonal (bct), and face-centered cubic (fcc)-as confirmed by synchrotron small-angle X-ray scattering. Solution calorimetric measurements in hexane show that the enthalpy of formation of the superlattice from dispersed NCs is on the order of −2 kJ/mol. The calorimetric measurements reveal that the bcc superlattice is the energetically most stable polymorph, with the bct being 0.32 and the fcc 0.55 kJ/mol higher in enthalpy. This stability sequence is consistent with the decreased packing efficiency of PbSe NCs from bcc (17.2%) to bct (16.0%) and to fcc (15.2%). The small enthalpy differences among the three polymorphs confirm a closely spaced energy landscape and explain the ease of formation of different NC superlattices at slightly different synthesis conditions.
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PbSe nanocrystal superlattices | thermodynamics | ligand interaction S elf-assembly of colloidal nanocrystals (NCs) not only is a fascinating phenomenon, but also offers a promising route for design and fabrication of novel materials (1, 2) . NCs possess unique size-and shape-dependent structures and properties that differ from those of their bulk counterparts (3) . Analogous to formation of a crystal from constituent atoms/ions, highly uniform NCs can self-assemble into periodically ordered structures, referred to as superlattices or "artificial crystals." In addition to the unique properties of individual NCs, these NC superlattices manifest new collective behavior [such as electronic, plasmonic, magnetic, and catalytic properties (4)] through near-field coupling of neighboring NCs (5). In the past two decades, various NC superlattices were developed successfully via the controlled assembly of colloidal nanoparticles (2, (6) (7) (8) (9) (10) (11) (12) (13) (14) , and, at the same time, extensive simulation efforts have been devoted to understanding this complicated process and to predict the assembly patterns (15) (16) (17) . To achieve rational design of NC superlattices, however, it is essential to have a fundamental understanding of the mechanisms underlying their formation, including their energetics of formation and polymorphism, which form the focus of this study.
Colloidal NCs usually are composed of a hard inorganic core and a soft shell of organic molecules. The organic shell helps stabilize the inorganic core, allows the formation of an almost monodisperse size distribution of NCs, and enables dispersion of NCs in an organic solvent. NC superlattices can be synthesized, starting with well-dispersed NCs in a solvent via slow and controlled solvent evaporation. We chose PbSe as a model system because of the relative ease of preparing NC building blocks. In addition, PbSe NC superlattices are of considerable interest because they have potential applications in many fields, including photovoltaics (18, 19) .
Results and Discussion
PbSe NCs were prepared following a colloidal synthesis method (20) , which involves injection of an Se precursor solution into a hot Pb-complex solution, yielding, as a consequence of supersaturation, nucleation and growth of PbSe NCs. Three organic coordinating molecules, diphenylphosphine (DPP), trioctylphosphine (TOP), and oleic acid (OA), were used as the capping ligands to control the size and shape of PbSe NCs. Transmission electron microscopy (TEM) (Fig. 1A) indicates that the as-prepared PbSe NCs are quasi-spherical and have an average diameter of 4.7 nm, consistent with absorption spectroscopic measurements ( Fig. 1E) (21) . The attenuated total reflectance (ATR) spectrum (Fig. S2) confirms the surface coating of DPP, TOP, and OA molecules around the PbSe NCs. Thermogravimetric analysis (TGA) (Fig. S3) gives a weight loss of 32.13% due to decomposition of the capping ligands. The high ratios of ligand length to nanoparticle radius make the self-assembly process of these nanoparticles sensitive to solvent-ligand interactions. To assemble PbSe NC superlattices, we dispersed the aboveprepared PbSe NCs into hexane or toluene and then evaporated the solvent very slowly (1.5 mL over 4 wk). Synchrotron smallangle X-ray scattering (SAXS) measurements reveal the formation of three types of superlattices ( Fig. 2A) : the supercrystals nucleated from hexane have a body-centered cubic (bcc) superlattice, but those nucleated from toluene consist of both bodycentered tetragonal (bct) and face-centered cubic (fcc) superlattices. The bct supercrystals were located in the corners, whereas the fcc crystals were located on the flat bottom of the vial ("2" and "1" in Fig. 1D ), respectively. Two-dimensional SAXS images show the typical spotty features in scattering rings Significance Different polymorphs with very similar energetics can be made by slight changes in growth conditions. This is, to our knowledge, the first direct experimental validation of a complex energy landscape for superlattice self-assembly. Our results suggest that fundamental thermodynamic driving forces can be harnessed to tailor specific superlattice assemblies of potential technological significance. ( Fig. S4 ), suggesting good translational coherence and large domains of nucleated supercrystals (22, 23) .
Further analyses of the SAXS data yield the following superlattice parameters (Table S1 ): (i) bcc: a = b = c = 8.58 nm; (ii) bct: a = b = 8.32 nm, c = 9.81 nm; and (iii) fcc: a = b = 7.97 nm, c = 11.26 nm. Note that for ease of description of the transformation sequence, we used a bct cell to describe the bcc and fcc superstructures (Fig. 1E ). It thus becomes obvious that the bct superlattice represents an intermediate phase between the two end members, bcc and fcc. This sequence (fcc-bct-bcc) is similar to that in the so-called Bain deformation (stress-induced structural changes) observed in atomic crystals and block copolymers (24) . A decrease in a together with an increase in c along the bcc-bct-fcc path results in the increase of c/a
. Correspondingly, the nearest inter-NC spacing (d n ) increases from 7.39 to 7.66 to 7.96 nm, and the packing efficiency of hard PbSe NC cores decreases from 17.2% (bcc) to 16.0% (bct) to 15.2% (fcc) (see Supporting Information for calculation details).
To determine stability relations of the three superlattice polymorphs, we performed solution calorimetric experiments at room temperature using a Calvet twin isothermal microcalorimeter with hexane as the solvent. Because dissolution (disassembly to individual dispersed NCs) of the supercrystals in hexane essentially is the reverse process of their formation, these measurements also provide insights into the superlattice formation energetics. To confirm a well-defined final state after the sample is dissolved in the solvent, we conducted parallel synchrotron SAXS measurements on a sample in a glass vial in which the supercrystals were introduced into hexane. As shown in Fig. S5 , the concentration of PbSe NCs gradually increases toward the bottom end of the vial, with NCs well-dispersed in hexane in the upper portion but showing a lamellar superstructure in the lower portion. Despite this concentration gradient, the final solution states seem to be steady after a prolonged period, thereby validating the calorimetric measurements. These "dissolved" states are, in fact, disaggregated or disassembled states, with individual NCs dispersed in the solvent, but with no breaking of individual chemical bonds within each NC.
The measured enthalpies of disassembly (ΔH x ) of PbSe NC superlattices are determined by two processes (Fig. S6 ): (i) endothermic disassembly of NCs (ΔH 1 is positive), and (ii) exothermic solvation of individual NCs (ΔH 2 is negative). Because the measured enthalpies are endothermic, the enthalpy of disassembly is not compensated fully by the enthalpy of solvation. Thus, disassembly occurs presumably because of an entropic driving force. As shown in Table 1 , the ΔH x values of all three superlattices are on the order of 2 kJ/mol of NCs, comparable to the energy of van der Waals interactions (23, 25, 26) . The bcc superlattice has the highest ΔH x and thus is energetically the most stable. The enthalpies of superlattice transformations from fcc and bct to bcc are −0.32 ± 0.08 and −0.55 ± 0.05 kJ/mol, respectively. These values indicate that the energetic stability decreases in the order bcc-bct-fcc, which is consistent with the trend of increasing inter-NC distances (Fig. 2B) . Moreover, the small transformation enthalpies explain the formation of different superlattice polymorphs upon small perturbations to their synthesis conditions. Thus, the energies of both the self-assembly from dispersed NCs and the polymorphism define a dense energy landscape with driving forces on the order of thermal energy or smaller. As for the change in entropy (ΔS), the value should be very small in these NC supercrystals in the forms of solids and at room temperature. It is reasonable to infer that the trend in ΔH should be the same as that in Gibbs free energy (ΔG).
Our synthesis of three superlattice polymorphs of PbSe NCs and clarification of their energetic relations provide new insights into the NC interactions that control nucleation and growth of NC supercrystals. In our assembly experiments, except for using two different solvents (hexane and toluene), we kept all other conditions the same during the formation of the three polymorphs. Thus, the formation of different NC superlattices apparently is a result of the small thermodynamic differences induced by different solvents. Based on Hansen parameter calculations (27) , aliphatic hexane consists of a straight, nonpolar hydrocarbon chain, whereas aromatic toluene contains one aromatic ring with a slight polarization. Of the three kinds of capping ligands (OA, DPP, and TOP), OA has the longest hydrocarbon chain, so interactions between neighboring OA chains probably play a dominant role in the NC assembly process. Although both hexane and toluene are considered "good" solvents for OA in terms of full permeation of their ligand coronas to PbSe NC surfaces (17) , the nonpolar hydrocarbon chain of OA is solvated more effectively in nonpolar hexane than in the slightly polar toluene (28, 29) . More specifically, as the inter-NC surface distance decreases to less than twice the OA length, the use of hexane as the solvent may result in a relatively large degree of ligand penetration. Without consideration of surface ligands, the "naked" truncated octahedral PbSe NCs favor forming a bcc lattice that maximizes the packing density of hard cores, according to the recent theoretical investigation by Glotzer and coworkers (15) . As PbSe NCs approach more closely, the morphological effect of the NC cores plays a more important role in the formation of the final NC superlattice. It thus is understandable that the bcc superlattice with the shortest inter-NC distance nucleated from hexane is the most stable assembly form. The homogeneous distribution of bcc supercrystals across the entire vial supports such an assumption. In the case of toluene, less penetration of surface-capping OAs occurs and results in larger inter-NC distances that weaken the shaperelated effect, and thus enable the formation of the fcc superlattice ("1" in Fig. 1D ). However, the stress distributions across the dried samples are different. At the flat bottom of the vial ("1" in Fig.  1D ), large uniform compressive stress exists and is normal to the deposition surface. This unidirectional compressive stress distorts the ideal fcc lattice into the low lattice symmetry of bct. However, for the supercrystals at the sidewall, stress appears along both the sidewall and curved bottom, and accordingly maintains the stability of the fcc superlattice ("2" in Fig. 1D ). Previous calculations indicate that bcc has a higher packing efficiency of 17.2% than that of fcc with 15.2%. The location-related variations of stress distribution cannot deform the denser bcc nucleated in hexane, but are large enough to transform the low-density fcc into the slightly higherdensity phase of bct for the coexistence and separation of the two superlattice phases in toluene. Hence, small differences in free energy among various superlattices enable the large impact of slight stress variations on the formation of supercrystal polymorphs.
Conclusions
In summary, we assembled three distinct superlattices of PbSe NCs-fcc, bct, and bcc-by manipulating NC-ligand interactions via a delicate choice of solvent (hexane and toluene). Using solution calorimetry with hexane as the solvent, we measured their enthalpies of disassembly and thus determined their stability relations. The results represent the first direct measurement, to our knowledge, of the energetics of superlattice assembly/disassembly from/into their constituent NCs. The observed weak NC interactions provide the basis for making a large variety of NC superlattice polymorphs by fine-tuning their synthesis conditions.
Materials and Methods
Synthesis of PbSe NCs. PbSe NC building blocks were synthesized by a method described by Steckel et al. (20) . The transparent Se precursor solution was prepared by mixing and aging 1.12 g of Se powder (200 mesh, 99.999%; Alfa Aesar), 0.13 mL of DPP (98%; Sigma-Aldrich), and 14.87 mL of TOP (90%; Fluka) at room temperature for several hours. In a typical synthesis procedure, 1.58 g of lead acetate trihydrate (99.999%; Sigma-Aldrich), 13.14 g of 1-octadecene (90%; Sigma-Aldrich), and 3.42 g of OA (90%; Aldrich) were heated to 120°C under low pressure (10 −3 bar) for ∼3 h. Subsequently, the as-prepared Se solution was injected into this transparent lead precursor solution (20.5 mL) at 180°C to initiate the nucleation process of PbSe NCs, followed by continuous growth at a constant temperature of 150°C for 20 s. Finally, the reaction mixture was quenched with 15 mL of butanol (99.8% anhydrous; Sigma-Aldrich) to obtain PbSe NCs with an average particle size of 4.7 nm. This synthesis was performed in a water-and oxygen-free environment via the use of a Schlenk line. The crude product was washed twice by precipitation with methanol (99.8% anhydrous; Sigma-Aldrich), centrifugation, and redispersion of the sediment in toluene (99.8% anhydrous; Sigma-Aldrich). The final products were well dissolved in both toluene and hexane (≥99% anhydrous; Sigma-Aldrich) for self-assembly purposes.
Self-Assembly of PbSe NCs. The set of experiments was based on a common evaporation-induced self-assembly process. Typically, 70 mg of PbSe NCs were dissolved separately in 1.5 mL of toluene and hexane solvents to produce concentrated PbSe NC suspensions and then were transferred to two vials (capacity: 2 mL). The vials were sealed with plastic caps; then, three and seven tiny holes were made in these caps for toluene and hexane solvents, respectively. The number of holes for each solvent was determined based on several trials, with the aim of producing the same evaporation rate for these two solvents. Then, the vials were kept at room temperature without any intervention, and it took around 4 wk to evaporate both solvents completely. The final PbSe NC assemblies were deposited mainly on the internal wall and bottom of the vials and were picked up for further characterization.
Solution Calorimetry. The enthalpies of disassembly of the PbSe supercrystals in hexane were determined by using a Calvet twin microcalorimeter (Setaram C80) equipped with a custom-made setup. Loosely hand-pressed pellets of PbSe supercrystals (∼4 mg) were dropped into hexane (∼4 g) maintained at 25 ± 0.5°C. Dropping the sample pellets generated a heat effect associated with the disassembly of the PbSe supercrystals to individual nanoparticles in hexane. The normal return of the calorimetric signal to its baseline indicated the completion of reaction in 10-15 min. The final state of this measurement is a totally disassembled PbSe supercrystal with PbSe NCs separately dispersed in hexane, similar to the starting PbSe NC colloidal solution used for self-assembly experiments. The reproducibility of these thermochemical measurements is documented as error bars in Fig. 2B and as errors (SDs of the mean) in Table 1 .
TEM Images. TEM and HRTEM images were obtained using an FEI Tecnai F30 microscope equipped with a field emission gun and operated at 300 keV.
Ultraviolet-Visible-Near Infrared Absorption. Absorbance characterization was performed using a PerkinElmer Lambda 900 (UV/VIS/NIR) spectrometer. PbSe NCs were dispersed in tetrachloroethylene (≥99% anhydrous; SigmaAldrich) for this measurement.
ATR Spectra. ATR spectra were obtained on a Nicolet FTIR microscope with an mercury cadmium telluride (MCT)-A detector, on which ATR mode was used and the sample was in the solid state.
TGA. TGA experiments were performed using a Netzsch STA 449 system to measure the weight loss and chemical stoichiometry of as-prepared PbSe NCs. Approximately 10 mg of sample was hand-pressed into pellets, placed into a Pt crucible, and heated from 30°C to 800°C in argon at a rate of 10°C·min −1 . Buoyancy correction was performed by running TGA on empty Pt crucibles under the same experimental conditions. SAXS. Synchrotron SAXS characterizations were carried out at B 1 station of Cornell High Energy Synchrotron Source using an angle-dispersive synchrotron X-ray technique (22) . Several pieces of PbSe NC supercrystals were loaded into a sample chamber (200 μm in diameter and 100 μm in thickness) seated on the flat surface of one transparent diamond window for measurements. By using a double crystal monochromator, the white Xrays were collimated into a monochromatic beam at a wavelength of 0.48596 Å. A large MAR345 detector was used to record the scattered signals from the samples. By using Fit2D software, >the 2D images were integrated into 1D patterns with intensity as a function of 2θ (deg) for structural analysis.
